Abstract. Under complex, dynamic loading conditions, damage can occur within a material. Should this damage not lead to catastrophic failure, the material can continue to sustain further loading. However, little is understood about how to represent the mechanical response of a material that has experienced dynamic loading leading to incipient damage. Here, this effect is examined in copper. Copper is shock loaded to impart an incipient state of damage to the material. Thereafter compression and tensile specimens were sectioned from the dynamically damaged specimen to quantify the subsequent properties of the material in the region of intense incipient damage and in regions far from the damage. It is observed that enhanced yield stresses result from the damaged material even over material, which has simply been shock loaded and not damaged. These results are rationalized in terms of stored plastic work due to the damage process.
Introduction
There are a number of applications that expose structural materials to the extreme environment of dynamic loading. These applications range from aerospace, automotive, civil, and even manufacturing needs. Often times under dynamic loading conditions, which typically impart high stresses (multiple GPa) at high rates, failure of these structural materials can be catastrophic [1, 2] . This is even true for ductile, structural metals. For this reason, it is desirable to not only predict the catastrophic failure of these materials but also move toward developing such a robust understanding that will enable next generation materials to be designed to mitigate failure.
Currently, many predictive failure models do not accurately represent failure under dynamic loading conditions [3] [4] [5] . This is, in part, attributed to a lack of understanding about the developing microstructure under dynamic loading. One aspect of this microstructure that is of particular importance is the strength of the dynamically loaded or shocked microstructure prior to failure.
For a number of years, multiple investigations have examined the influence of shock loading on the subsequent properties of a material [6] [7] [8] . These studies have focused primarily on examining the quasi-static, uni-axial stress response of a metal that had been loaded to peak shock stresses in excess of 5 GPa and then soft recovered for post mortem examination. It has been shown, for high purity metals, that the way in which a material stores defects, determines the role of shock loading. For example, FCC metals that tend to deform through dislocation glide and cross slip, can exhibit enhanced hardening after shock loading [9] . Prestraining FCC metal, by shock loading has been shown to develop a dislocation cell structure and debris within the microstructure. This reduces available glide distances within the material upon a Corresponding author: ecerreta@lanl.gov any subsequent reloading and thus leads to an observed hardening response over as-annealed material. BCC metals that tend to deform through planar slip, like Ta, display little enhanced hardening after shock loading [10] . Due to the high Peierls stresses inherent in many BCC metals, like Ta and Nb, shock prestraining stores arrays of planar dislocations. These arrays do not substantially work harden the material and therefor do not lead to an enhanced hardening response.
While significant work has been performed to investigate the role of shock loading on subsequent properties of a metal, much less is understood about the role of shock-induced damage on subsequent properties of a material [11] . Specifically, the strength of an incipiently spalled material has received less attention. To this end, here a study is presented that is aimed at understanding the quasi-static, uni-axial stress-strain response of incipiently spalled, high purity, copper. Copper has been selected for this study as its dynamic response and corresponding microstructural evolution have been well characterized, previously.
Anisotropic loaded damage and failure models
Simple, maximum, tensile failure criteria through the Johnson-Cook failure models are isotropic, treating all components of the stress tensor equally. The result of failure by these models is the material within a computational element becomes effectively a gas that can not resist further tension. However, when materials fail, due to anisotropic loading, the failure has a directional component although the material may be modified in the directions perpendicular to the failure. By incorporating directional failure in 2D codes, a more 3D material behaviour is achieved. That is by incorporating anisotropic failure models into 2D codes, out-of-plane loads such EPJ Web of Conferences as hoop stress can be computed correctly, and failure of material within a zone does not result in the material becoming a fluid, but only having failed in directions that exceed failure criteria and the element remains able to resist loads in non-failed directions.
For most materials a non-linear material behaviour model may be adopted with two distinct material mechanical processes: plasticity and damage mechanics. These two processes are influenced by microcrack, microcavity nucleation and coalescence, inclusions, grain boundaries and other discontinuities. With anisotropic loading, the development of degradation becomes complex, and frequently is based on anisotropic damage evolution. The Cauchy stress tensor σ = is for a material consisting of metal matrix and voids. This composite is related to the matrix stress through the operation of the damage effect tensor M:
where the overscore tilde designates a pure material variable defined over the same area or volume as the analogue composite variable, tensor order is denoted by the number of underbars and bolded symbols are fourthorder tensors. The simplest selection for M is the isotropic damage form:
where D is the amount of isotropic damage, assumed to be the porosity (a ratio of the void volume to the current volume ignoring elastic volume changes) and δ is the fourth order identity tensor (δ ijkl = δ ij δ kl , δ ij designating the Kronecker delta function).
To obtain failure directions, the material is first rotated by polar decomposition to the material frame with principal stress directions. For maximum stress failure to occur the n 1 component of the traction in the n 1 direction t 1 = σ · n 1 reaches a certain failure strength τ 1 :
where n 1 is the normal to the failure surface in material coordinates. When:
the modified stress tensor satisfies
Damage evolution often accompanies the relaxation of stress in the direction of failure, due the formation of damage. The modified tensor σ * is symmetric, but the trace is no longer pressure. To calculate plastic deformation, new traceless deviators are computed:
where I is the identity matrix. After a failure in one direction, failure in a second direction occurs when: The values τ 1 and τ 2 are material properties that could be functionals that are updated as the damage effect tensor, and are typically dependent on temperature, strain rate, total strain, initial conditions, and more. These functionals have to be determined by experiment, be non-negative, and are then entered into the model as parameters.
Experiments
Oxygen free, high conductivity (OFHC) copper was utilized in the as-annealed condition (600 • C, 1 hour, in vacuum) for all experiments. This as-annealed Cu had a nearly random texture and a 60 µm, equiaxed grain structure. Details about this material, such as processing, chemistry and microstructure, can be found elsewhere [12] . From this as-annealed material, 4 mm in height by 40 mm in diameter right cylinders were sectioned. These cylinders were assembled into a momentum trapping fixture made of a low purity Cu material and schematically described elsewhere [13] . This material was shocked loaded using a plate impact configuration, in a 100 mm gas gun, and soft recovered. The impactor was a 2 mm thick quartz flyer that was launched at 131 m/s. This plate impact velocity and plate material were chosen as they had been previously shown to impart an early stage of incipient damage to copper [12] . This damage was known to be in the form of uncoalesced, small voids, indicative of the early stages of ductile damage.
The soft-recovered specimen was cross-sectioned and prepared using standard metallographic techniques. The final polishing step was performed with a 0.5 µm colloidial silica solution. The specimen was then viewed optically to examine location and extent of the incipient damage within the material. An image of the entire cross section of the specimen is given in Fig. 1 .
To further analyse deformation and damage imparted to the Cu specimen, electron back-scattered diffraction (EBSD) was performed. Data was collected from the three, boxed regions labelled in Fig. 1 . Data was utilized to generate both inverse pole figure (IPF) as well as kernel average misorientation (KAM) maps to assess meso-scale deformation and stored work in the form of misorientation, respectively. KAM is the average mis-oreintation between a point and its neighbors [14] .
Finally, quasi-static, uni-axial test specimens were machined from the soft recovered Cu sample. Tension and compression specimens were machined. Figure 2 shows the locations of each tensile and compression specimen with respect to the primary damage field. Compression specimens were right, regular cylinders that were 2.4 mm in height and 2.6 mm in diameter. Dimensions for the tensile specimens are given in Fig. 3 . All specimens were tested at room temperature and 0.001/s. The three tensile specimens were sectioned from regions 1(most damage) and then 2 and 3 (least damage) as shown in Fig. 2a . Eight compression specimens were sectioned as shown in Figs. 2b and c. Specimens labelled "top" had less damage than specimens labelled bottom.
Results

Microstructure analysis
To quantify the incipient damage imparted to the shock loaded Cu, optical images such as Fig. 1 , were used. Images revealed a ductile damage field of uncoalesced voids expected for Cu shocked to the conditions described above. Damage was quantified in terms of void count, total area of voids, average void size, and percent area of void. These data were collected from regions 1-3, given in Fig. 1 . J-image software tool was utilized to perform the quantitative analysis of optical images that had been thresholded to black and white contrast. Average void size and percent area of voids data are given in Table 1 . Region 1 was observed to have the most damage, with less damage in regions 2 and 3.
After the optical analysis of the damage had been completed, the cross-sectioned Cu specimen was examined via EBSD. Initial analysis revealed that there was little evidence of damage beyond void formation. No shear bands were present. Additionally, KAM maps were generated for regions 1-3. These maps showed little evidence of misoreintation developed during shock loading, except in regions near the voids. An example of one of the KAM maps is given in Fig. 4 for region 1. This was the region that displayed the most significant amount of misorientation as it had the most damage. This is important, because misorientation mapping is a tool for examining stored defects within a microstructure. It would be expected in a dynamically deformed microstructure, that higher degrees of misorientation would correlate with increased density of stored defects, such as dislocations [15, 16] .
Quasi-static mechanical testing
Quasi-static mechanical tests were conducted on the eight compression specimens and three tension specimens 02015-p.3 sectioned from the incipiently damaged Cu sample. For the tension specimens, Tensile 1 corresponds to the tensile specimen sectioned from region 1 shown in Fig. 2a . Tensile 2 and 3 were sectioned from regions 2 and 3, respectively. Compression specimens were tracked with regard to the top and bottom of the shock loaded specimen. For labelling purposes, compression specimens that came from the top of the shock loaded sample were the specimens that contained less incipient damage. The converse was true for compression specimens with a "bottom" designation. The mechanical test data in compression and tension is given in Fig. 5a and b. Only four representative compression tests are shown in Fig. 5a for the sake of clarity. For the purpose of this comparison, tensile and compressive stress-strain responses of as-annealed Cu are also provided. It can be seen from Fig. 5 that all the quasi-static reload specimens displayed an enhanced hardening response over as-annealed Cu. Interestingly, this is most pronounced in the specimens with the highest volume fraction of incipient damage due to shock loading: "bottom" quasistatic, reload compression specimens and tensile 1. This enhanced hardening is observed upon initial yield. The work hardening response appears to be similar for all of the quasi-static, reload specimens and significantly lower as compared to the work hardening response observed in the as-annealed Cu specimens.
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Discussion
The quasi-static reload data in tension and compression shows that all of the shock loaded specimens display an enhanced hardening as compared to the as-annealed, highpurity Cu. This indicates that during the shock process, significant work hardening of the Cu sample occurs. This work hardening is directly tied to the isotropic damage term D in Sect. 2 above. This yields material that contains a significant degree of stored plastic work. In turn, this stored work leads to enhanced strength of the material. This response was expected in tensile specimens 2 and 3 and from compression specimens labelled "top". These specimens did not display a high degree of damage imparted to them during the shock loading process, and work by Gray et al. [8, 9, 17] has already shown that stored work during shock loading leads to enhanced hardening in FCC metals like Cu.
Prior to this study, the response of material that had sustained dynamic damage was less well understood than material that had only been shock loaded but had not experienced the early stages of failure, such as void nucleation and growth [11] . In this case, the behaviour of "bottom" compression specimens and tensile 1 was less predictable. From Fig. 5 , it is clear that these specimens, with a modest amount of damage, display enhanced hardening in excess of the shock loaded specimens from other regions in the Cu sample. This is rationalized in terms of the response of the quasi-static reload specimens with relatively less damage and the KAM map, Fig. 4 . KAM maps from region 1, showing enhanced misoreintation as compared to regions 2 and 3. This enhanced misoreintation does not exist in the bulk of the shock loaded microstructure, but is measureable around the voids. This is postulated to be caused by the significant slip activity required for void growth. All of the regions experienced significant work hardening due to shock loading and therefore display enhanced hardening as compared to the as-annealed Cu material. In the case of specimens that encompassed material from region 1, that enhanced hardening would be expected to be higher based on the measureable additional plastic work in the form of higher dislocation density around the voids. The small enhancement in hardening observed for tensile 1 and "bottom" compression specimens correlate with the expected contribution to hardening from the small volume of significantly misoriented material around the voids.
The stored work due to shock loading does not only influence yield, but also influences the work hardening response of the Cu material. Here, it is observed to lead to lower work hardening rates than in the as-annealed copper. This lower rate of work hardening can be associated with a less stable dislocation substructure that can promote catastrophic failure [16, 18] . It follows that there is a critical amount of stored work in a microstructure after 02015-p. 4 DYMAT 2015 which the mechanical response of the material is unstable and failure readily results. This is observed in material that has received significant rolling reductions [18] . If shock loaded material behaves similarly, then there should be a critical amount of damage after which enhanced hardening over shock loaded material with no damage and material may not be observed. Future studies will probe the effect of increasing volume fraction of damage on subsequent mechanical properties.
Conclusions
This study examined the role of ductile, incipient, dynamic damage imparted during a spallation loading experiment on subsequent mechanical properties of copper. It was found that the mechanical response of Cu is significantly altered due to shock loading. This correlates well with what has been observed previously for shock loaded FCC metals that had not incipiently spalled. Interestingly, material that had experienced a modest degree of dynamic damage displayed an enhanced hardening even in excess of the shock-loaded material without damage. This is attributed to the contribution of the additional stored plastic work contained in the volumes surrounding voids.
